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ho4J , Wnt1 sw , qk, and Mbp shi strains and heterozygotes of Grid2 lc had measurable VsEPs but one or more response parameters differed from the respective control group (heterozygote or background strain) or were outside normal ranges. For example, qk and Mbp shi homozygotes showed significantly prolonged latencies consistent with the abnormal myelin that has been described for these strains. Prolonged latencies may suggest deficits in neural conduction; elevated thresholds suggest reduced sensitivity, and reduced amplitudes may be suggestive for reduced neural synchrony. One mutation, Otx1 jv , had all VsEP response parameters within normal limits-an expected finding because the abnormality in Otx1 jv is presumably restricted to the lateral semicircular canal. Interestingly, some heterozygote
INTRODUCTION
The inner ear houses sensory organs responsible for hearing and balance. The organ of Corti within the cochlea transduces sound, whereas the receptors within the maculae and ampullae transduce linear or angular motion (i.e., acceleration) of the head, respectively. Deficits in the inner ear organs or their neural innervation can lead to deafness, dizziness, or both. Factors that can affect inner ear structure and function include trauma, disease, drugs, aging, or genetic abnormalities. Studies of animal strains with genetic mutations have been instrumental in developing the scientific understanding of normal and abnormal inner ear development and continue to broaden this knowledge. The overall goal of our research program is to gain a better understanding of the role genes play in vestibular function.
Inner ear defects have been described for many mutant or inbred strains of animals including fish (e.g., Whitfield et al. 1996; Malicki et al. 1996; Riley and Grunwald 1996; Riley et al. 1997) , birds (e.g., Ballarino and Howland 1986; Gleich et al. 1994a Gleich et al. , b, 1995 Weisleder and Park 1994; Weisleder et al. 1996; Jones et al. 1998) , and mammals (e.g., Ruben et al. 1991; Lyon et al. 1996; Zheng et al. 1999; Morton 2002; Steel et al. 2002) . Among mammalian species, the mouse has a long history as a genetic model for hearing and/or balance dysfunction (e.g., Yerkes 1907; Lord and Gates 1929; Lyon 1953; Deol 1954; see also Ruben 1991; Henry and McGinn 1992; Brown 1994, 1996; Steel 1995; Lyon et al. 1996; Morton 2002; Parkinson and Brown 2002; Avraham 2003) . Indeed, many mutant strains of mice have been identified with specific abnormalities of the cochlea and/or vestibular labyrinth (see Steel 1990 Steel , 1991 Steel , 1995 Lyon et al. 1996; Morton 2002; Steel et al. 2002; Avraham 2003) .
Numerous studies have described the anatomical alterations that occur in both the cochlea and vestibular organs of genetic mutants. Investigations of the vestibular system in mutant mice have identified or further characterized structural deficits in otoconia (Lyon 1953; Lyon and Meredith 1969; Rauch 1979; Trune and Lim 1983b; Erway and Grider 1984; Rolfsen and Erway 1984; Bergstrom et al. 1998; Ornitz et al. 1997 ), hair cells (Deol 1954 Anniko et al. 1980; Dememes and Sans 1985; Wenngren and Anniko 1989; Sjostrom and Anniko 1990; Kitamura et al. 1991; Otani et al. 1995; Moriyama et al. 1997; Kozel et al. 1998) , inner ear melanocytes (Cable et al. 1992 ), or vestibular nuclei (Trune and Lim 1983a Krug et al. 1995; Grusser-Cornehls et al. 1995) . In addition, many mutants used to document genetic cochlear deficits have cochleo-saccular degeneration (e.g., Steel and Bock 1983; Webster et al. 1986; Rask-Andersen et al. 1987; Lyon et al. 1996) .
Functionally, cochlear deficits in mice can be documented using endolymphatic potentials, cochlear microphonic recordings, auditory evoked potentials (e.g., auditory brainstem response), otoacoustic emissions, and behavioral testing. In contrast, vestibular functional deficits in genetic mutants have been tested predominately with indirect measures such as observations of cage or swimming behavior as well as reflex behaviors during dropping or other motor tasks. Eye movement recordings, such as angular vestibuloocular reflex (aVOR) and optokinetic response (OKR), have also been used (e.g., Koekkoek et al. 1997; de Zeeuw et al. 1998; Kitazawa et al. 2000; van Alphen et al. 2001) . The relative preservation of the OKR and complete absence of the aVOR may suggest a peripheral abnormality, specifically as it relates to the semicircular canal. However, eye movement recordings provide an indirect measure of peripheral vestibular dysfunction as they encompass the input, integration and output components of nervous system function. Furthermore, OKR and aVOR recordings do not provide sufficient information regarding the functional status of the receptors in the saccule and utricle.
Direct measures of peripheral vestibular function are available for use with animal models. For example, vestibular compound action potentials [also referred to as vestibular evoked potentials (VsEPs)] have been recorded in several animal species (e.g., Elidan et al. 1987; Jones 1992; Bohmer 1995) , including mice Jones et al. , 2002 Jones et al. , 2004 . Such measures provide a direct assessment of and a unique perspective on the status of the vestibular periphery (end organs and eighth nerve).
The purpose of the present research was to quantitatively phenotype vestibular neural function (specifically gravity receptor function) in mutant mice using compound action potential recordings of the vestibular nerve (i.e., VsEPs to linear acceleration transients). Screening protocols were used to measure gravity receptor function in mice homozygous for several mutations and in age-matched heterozygotes or other control background strains. Response thresholds, peak latencies, and peak-topeak amplitudes were measured and compared to normative ranges and between homozygote and heterozygote or background strains where sufficient data were available for such a comparison. This research extends our understanding of vestibular ontogeny and vestibular dysfunction in relation to genetic mutations. Tables 1 and 2 In general, these genes are thought to be recessive. The gene and its function are also shown. Many of these strains serve as models for human disorders. Current or most relevant reference(s) are listed. Jackson Laboratory (Bar Harbor, ME), except for the av J and av 2J mice, which were from Case Western Reserve University (Cleveland, OH). A portion of the data from av J and av 2J mice was documented by Alagramam et al. (2005) but are included here for comparison with the normative data and with the other strains measured herein. Data were collected at The Jackson Laboratory, the University of Missouri (Columbia, MO), and East Carolina University (Greenville, NC). The use of animals reported herein was reviewed and approved by the Institutional Animal Care and Use Committee at each institution. Ages at which testing was completed ranged from 20 to 120 days, with most strains tested between 30 and 60 days old ( Table 2 ). The majority of strains were tested at only one age; therefore, neurodevelopmental changes or degenerative conditions could not be addressed. Two strains, qk and shi, were tested at two or three ages, respectively.
METHODS
General cage behavior was documented and swimming behavior was recorded. For swimming behavior, mice were placed in an aquarium filled with tepid water and behavior was recorded for 15 s using a digital camera (Sony Mavica MVC-CD1000). Swimming was categorized as Bgood^if the animal swam at the surface of the water maintaining a horizontal bodyline and using the tail as a rudder. If the animal was able to swim at or near the surface of the water but with a body position other than horizontal, swimming was categorized as Bfair.Ŝ wimming was considered Bpoor^if the animal was unable to maneuver adequately in the water and could not remain at the surface of the water. Animals in this latter category usually had to be rescued to prevent drowning. Drop reflexes were assessed by suspending each animal by the tail approximately 20 cm above a horizontal table surface. The mouse was quickly lowered toward the table surface and the animal's posture was observed. Drop reflexes were categorized as B+^if the animal demonstrated dorsiflexion and spread the front paws out in preparation to eventually land on the surface on their feet and in a proper body alignment. Drop reflexes were categorized as B _^i f the animal displayed ventroflexion or some other body posture and would not land correctly if they reached the table surface.
For evoked potential electrophysiology, animals were weighed, anesthetized with EquiThesin (4 ml/g body weight injected intraperitoneally) and a head mount was placed on the cranium using methods published previously Jones et al. 2002 Jones et al. , 2004 . The head mount was used to couple the cranium securely to a mechanical shaker for controlled movement of the head. Stainless steel electrodes were placed epidurally at the midline just posterior to the lamdoidal suture (noninverting electrode), subcutaneously behind the left and right pinnae (inverting electrodes), and at the neck (ground). Mice were positioned supine on a heating pad with the nose positioned upward and the head mount was coupled securely to the shaker platform. Core body temperature was maintained at 37 T 0.2-C. Gravity receptor neural function was assessed with linear VsEPs. Linear VsEPs are compound action potentials from the vestibular portion of the eighth nerve and central relays and are generated in response to linear acceleration transients. They can be recorded from the surface of the skull much like the widely used auditory brainstem response. In mammals, linear VsEPs depend strictly upon the utricle and saccule (gravity receptors) of the inner ear Plotnik et al. 1999) . The earliest response components (initial response peak) reflect activity of the peripheral vestibular nerve, whereas later response peaks reflect activity of vestibular relays within the brainstem and higher centers ( Jones 1992; Nazareth and Jones 1998) . Furthermore, VsEP amplitudes are linearly proportional to the amount of otoconia present in macular organs ( Jones et al. 2004) .
Vestibular stimuli and VsEP recording parameters for mice have been detailed elsewhere Jones et al. 2002 Jones et al. , 2004 . Briefly, stimuli were linear acceleration pulses, 2 ms duration, applied to the cranium in the naso-occipital (T Gx) axis. Stimuli were presented at a rate of 16 pulses per second. Alternating stimulus polarity was used such that shaker motion Btoggled^between upward and downward directions. Thus, head motion alternated in two directions along the naso-occipital axis. The output of a calibrated accelerometer, mounted on the shaker platform, was routed to an electronic differentiator to monitor the jerk component of the stimulus. Stimulus amplitude was quantified in decibels relative to 1.0 g/ms (1.0 g = 9.8 mm/ms 2 ). Maximum stimulus amplitude was +6 dB re: 1.0 g/ ms, which corresponds to a peak acceleration of 4 g and peak platform displacement of 26 mm.
VsEPs were recorded using traditional signal averaging. Electrophysiological activity was amplified (200,000Â), filtered (300 to 3000 Hz, _ 6 dB points), and digitized (125,000 Hz) beginning at stimulus onset. Two hundred fifty-six responses were averaged to produce one response trace. Responses were replicated such that at least two waveforms were collected for each stimulus intensity. A threshold bracketing protocol was used where stimulus intensity began at +6 dB and waveforms were collected in quiet and in the presence of an intense forward masker (50 to 50,000 Hz, 116 dBSPL). The masker was used to verify the absence of auditory responses. If the presence of auditory components was suspected, the masker remained on throughout the experimental protocol. After VsEPs were collected at +6 dB, the stimulus level was reduced in 6-dB steps until no response could be detected by visual inspection of the waveform. At that point, the stimulus intensity was reduced by an additional 3 dB and waveforms were collected for intensity steps midway between those already used. In this manner, we were able to collect an intensity series in 3-dB steps encompassing stimulus levels above and below threshold.
The first three response peaks were analyzed. Peak latencies were measured in microseconds from the onset of the stimulus to each response peak. Peak-topeak amplitudes were measured in microvolts from each positive response peak to its respective negative response peak. Threshold measured in dB re: 1.0 g/ ms was defined as the stimulus level midway between the intensity just producing a discernible response and the stimulus level that did not. Thresholds provide a measure of the general sensitivity of the gravity receptor system. Latencies provide a measure of the timing of neural transmission and conduction through the vestibular neural pathways. Amplitudes represent the size of and general synchrony of the population of neurons responding to the stimulus.
FIG. 1.
Intensity series from one young C57BL/6J mouse (35 days old). The first three positive response peaks are labeled. The first negative peak, N1, is denoted with a line. The top two trace pairs were obtained at the maximum jerk amplitude (+6 dB re: 1.0 g/sm) without (NM) and with (M) intense acoustic masking. Response peaks increase in latency and decrease in amplitude as stimulus intensity is reduced until no response is visible at levels below threshold. Threshold here was scored at _ 7.5 dB re: 1.0 g/ms. Total time represented for each waveform is 8 ms.
RESULTS
Screening VsEPs for one young C57BL/6J mouse (age 35 days) are shown in Figure 1 , demonstrating the typical, normal waveform morphology. Three dominant peaks are typically visible within the first 4 to 6 ms after stimulus onset. Response peak latencies increase and peak amplitudes decrease until no response is visible at stimulus levels below threshold. Recordings from young C57 mice (35 days old) were Mutants in which no VsEPs could be detected at the maximum stimulus amplitude (+6 dB re: 1.0 g/ms), their drop reflexes, swimming ability, and general description of cage behavior pkr , +/shi) also lacked responses, suggesting profound deficits for these animals. Mice with absent VsEPs showed the most variability in swimming and drop reflexes. In fact, swimming and drop reflex results were equivocal. Fifty-one percent of mice with absent VsEPs could not swim; however, 47% showed good or intermediate swimming. Swimming data were unavailable for two mice with absent VsEPs.
All mice with measurable VsEPs, even if grossly abnormal, showed good swimming behavior and normal cage behavior and drop reflexes. Overall, behavior was not a good indicator of VsEP response parameters. Figures 3 and 4 show VsEP thresholds and response peak latencies, respectively. On average, the following background strains and genotypes and fell within normal ranges for all response parameters (i.e., thresholds, amplitudes and latencies): C57BL/6J (190 days old), C3H/HeSnJ, BALB/ cByJ, C3HeB/FeJ, cdf/cdf, +/qv 3J , +/sr, +/jc, +/av J , +/ av 3J , jv/jv, +/sw, +/qk. Background strains and genotypes with one or more mean response parameters outside normal ranges compared to young C57 mice (abnormality described in parentheses) were DBA/2J (elevated thresholds), +/je (elevated thresholds), +/lc (elevated threshold, reduced amplitudes), ho 4J /ho 4J (elevated threshold, reduced amplitudes), +/cdf (improved threshold), +/dfw 2J (elevated threshold, reduced amplitudes), +/lnd 2J (elevated threshold, prolonged latencies for central response peaks), +/sv (elevated threshold, reduced amplitudes), +/js (elevated threshold, reduced amplitudes), sw/sw (elevated threshold, absent central response peaks), qk/qk (prolonged latencies for all peaks for all age groups, larger amplitudes for P1/N1), elderly +/shi (elevated threshold, absent central response peaks), and shi/shi (elevated threshold for older age group, prolonged latencies for central response peaks for young and old age groups).
In addition to comparisons to normative data from young C57 mice (35 days old), some comparisons were made between heterozygote and homozygote groups of the same strain or between mutant and respective background strains. Statistical comparisons were not completed between homozygotes and heterozygotes when one or both groups evidenced absent VsEPs, which was the majority of strains. Homozygous and heterozygous strains with measurable VsEPs and sufficient data for statistical analysis included cdf and qk (67 days old). For cdf mice, peak latencies and peak-to-peak amplitudes were not significantly different between homozygotes and heterozygotes; however, VsEP thresholds were significantly higher for cdf/cdf homozygotes [t = 4.05, p = 0.007 (df = 7)]. Interestingly, thresholds were within normative ranges and similar to background strain thresholds (C3H/HeSnJ) for the cdf/cdf group ( _ 8.1 dB re: 1.0 g/ms), but the +/cdf group had a mean VsEP threshold ( _ 15 dB re: 1.0 g/ms, see Fig. 3 ) more than 2 standard deviations better than the mean threshold for young C57 mice and their C3H/ HeSnJ background strain.
For qk mice (67 days old), thresholds were virtually identical among heterozygous, homozygous, and background strain animals (C3HeB/FeJ), but qk homozygotes had significantly prolonged latencies for all response peaks (see Fig. 4 , MANOVA, p G 0.001). Interestingly, peak amplitudes for P1/N1 were significantly larger for qk homozygotes (mean amplitudes for P1/N1 were 5.73 mV for qk/qk versus 2.82 mV for +/qk).
There were no significant differences in thresholds between mutants and their respective background strains for the following: C57BL/6J (35 and 190 days): +/jc, +/av J , +/av
2J
, +/av 3J , jv/jv, +/qk (67 days) and qk/qk (67 days); DBA/2J: ho4/ho4J; C3H/HeSnJ: cdf/cdf; BALB/cByJ: +/dfw 2J ; C3HeB/ FeJ: shi/shi (26 days), +/qk (67 days) and qk/qk (67 days). Thresholds were significantly elevated for +/js and +/sv in comparison to the C57BL/6J background strain. The +/lc strain also had VsEPs significantly higher than C57 and CBA/CaJ background strains.
FIG. 3. Mean VsEP thresholds (T 1SD) for homozygote and
heterozygote mutations where VsEPs were present. The number of observations contributing to each mean is shown. Homozygote data can be compared with the heterozygote counterparts, respective background strain (shown in the first column of each panel), or compared to normative ranges (T 2SD shown for each background strain). Background strain data were not available for +/je and +/lnd2J and these two strains are shown together in the lower right panel. Thresholds provide a measure of the general sensitivity of the macular organs. Note the heterozygotes that show elevated thresholds in comparison to B6 normative ranges or their respective background strain. Asterisks represent those strains whose thresholds were significantly higher than the background strain threshold or the respective heterozygote group.
FIG. 4.
Mean VsEP peak latencies (T 1SD) for homozygote and heterozygote mutations where VsEPs were present. Peripheral (P1) and central (P2, P3) response peaks are shown. The number of observations contributing to the means for P1 and P2 are shown. Observations for P3 were often equal to the number shown but may have been fewer in some cases as P3 is often quite variable. Normative ranges (T 2SD) for background strains are represented by the horizontal dashed lines in each panel. Respective background strains are shown in the first column of each panel. Background strain data were not available for +/je and +/lnd2J and these two strains are shown together in the lower right panel. Asterisks represent those strains that were significantly different than the background strain or their respective heterozygote group. Latency provides a measure of synaptic timing and neural conduction. Notable here are the demyelinating mutants (e.g., qk, shi), which show prolonged latencies either for central response peaks (e.g., shi/ shi) or both peripheral and central peaks (e.g., qk/qk). Prolonged latencies were also visible for some heterozygotes (+/lnd2J). The absence of response peaks P2 and/or P3 for some strains could be indicative of central pathology, desynchrony, or the inability to resolve a replicable response peak from the background EEG activity. In particular, response peak P3 can be quite variable as discussed in the text.
DISCUSSION
The functional measures conducted herein provide the first quantitative phenotyping of gravity receptor function for a relatively large number of mutant mouse strains. Some of these strains are used extensively for investigating various physiological disorders, including human syndromic and nonsyndromic hearing impairment (see Table 1 ). The present work also extends the total number of mutant strains that have been phenotyped with regard to gravity receptor function. Previously published data ( Jones and Jones 1999, 2004) Table 1 showed profound cochlear and auditory impairments for these strains as well. In other cases, however, detailed examination of the vestibular apparatus of the mutant mice failed to show any obvious structural correlate for the vestibular dysfunction (e.g., Pcdh15 av , Alagramam et al. 2005) . Interestingly, the present results show absent VsEPs in two strains where inner ear structural deficits are unknown (jc, hr) . Hearing function measured with auditory brainstem response (ABR) has demonstrated profound hearing impairment for jc homozygotes by 1 month of age, whereas hr homozygotes demonstrate normal ABR thresholds up to 6 months (K. Johnson, personal communication). Behaviorally, jc is known to demonstrate head bobbing and other behavioral abnormalities but can swim (Southard, 1970) . The hairless gene is expressed in skin and brain (CachonGonzalez et al. 1994) ; however, inner ear expression is unknown. Functionally, hr mice were shown to develop hyperkeratosis and immunodeficiency (Reske-Kunz et al. 1979; Morrissey et al. 1980) . Absent evoked potentials do not necessarily mean complete loss of function. Synchronous firing of a population of neurons produces a volley of action potentials. This is the necessary underlying neurophysiology for the generation of evoked potentials, particularly short-latency potentials. Therefore, the absence of evoked potentials could be due to profound end organ pathology or lack of synchronicity in the neural population. It is well known that the central nervous system compensates or Brecalibrates^in response to loss of input from the vestibular periphery. Therefore, it is not surprising that behavior may vary widely in animals with absent VsEPs. Indeed, absent VsEPs in conjunction with normal swimming or drop reflex behavior suggests that even a small amount of sensory input is sufficient for vertical orientation.
Many of the strains with absent VsEPs serve as models for human syndromic and nonsydromic hearing impairment. Therefore, one might ask how vestibular function compares in the human and mouse disorders. The present mouse data suggest that vestibular dysfunction may be prevalent in these disorders. It is well known that Usher syndrome type 1 has vestibular areflexia and the absent VsEPs for the mouse strains Myo7a sh1 , Pcdh15 av , Sans js , and Cdh23 v-2J are consistent with the human data. However, little to no human vestibular data have been published for most genetic forms of hearing loss, particularly nonsyndromic forms. This is likely due to several reasons. First, relatively few investigators are systematically looking for vestibular impairment. Second, vestibular assessment is often not part of routine phenotyping in suspected cases of hereditary abnormalities. Third, if vestibular impairment is present at birth or deficits appear gradually, the nervous system likely compensates for the altered vestibular input, making any deficit undetectable via case histories, questionnaires, or behavioral observations. In cases where motor delays or imbalance behaviors are apparent, vestibular function is often not tested as a possible etiology so the functional status of the vestibular periphery remains unknown. Finally, current clinical tests of vestibular function do not directly assess inner ear function, but rather, evaluate the final motor output of the eyes or balance control systems. Such measures encompass the input, integration, and output components of nervous system function, making it more difficult to ascertain the functional status of the vestibular periphery. Estimates of hearing-impaired children with vestibular dysfunction range from 28 to 77% among those with hearing impairment of various causes (Steel 1991) and 34% among children with hereditary hearing impairment (Arnvig 1955) . The present data suggest that vestibular dysfunction may be more prevalent and perhaps vestibular testing should be a more regular component in the workup of genetic hearing loss.
Most, but not all, of the animals with profound deficits (i.e., absent VsEPs) showed abnormal cage and/or swimming behaviors. Indeed, many phenotyping strategies use behavior as an indicator of inner ear vestibular deficits. However, whereas mice often show behaviors suggestive of balance problems (e.g., head bobbing, wobbling, circling behavior), these observations are indirect indicators of inner ear function and can, in fact, be due to abnormalities that are unrelated to the inner ear end organs. For example, circling and hyperactive behaviors have been documented in mice with drug-or lesioninduced changes in dopaminergic brain regions (e.g., striatum, Pycock et al. 1975; Watanabe et al. 1981; Toyoshi et al. 1995) . Fitzgerald et al. (1991 Fitzgerald et al. ( , 1992 Fitzgerald et al. ( , 1993 identified and characterized a transgenic insertional mutant mouse strain, known as chakragati (ckr). They found no evidence of vestibular or cochlear defects as the source of circling, hyperactivity, and altered posture (Ratty et al. 1990; Fitzgerald et al. 1991) , but instead attributed behaviors to bilateral asymmetries in striatal dopamine receptors (Fitzgerald et al. 1993) . These examples underscore the fact that circling and hyperactive behaviors may not be exclusive to and definitive for inner ear vestibular defects. Moreover, the absence of significant behavioral deficits may mask occult vestibular dysfunction as discussed above.
Second, the present data identify several homozygote and heterozygote mutations with mild to severe loss of function (i.e., functional deficits other than profound) and further suggest that the deficit affects the otolithic organs (utricle and/or saccule) or their neural pathways. Deficits evident in heterozygotes might suggest a dominant mutant allele. Importantly, these deficits were not associated with overt imbalance and may have remained undetected based on behavioral observation alone. It is reasonable to suppose that compensatory mechanisms in the central nervous system have Brecalibrated^the motor control systems to offset the reduced input from the periphery.
Third, the results confirm normal gravity receptor function for several mutants. The Jackson waltzer (jv) is one homozygote mutation where normal gravity receptor function is evident. This mutation demonstrates circling behavior and a structural absence of the lateral semicircular canal (Dickie and Deol 1966). It does not show any hearing impairment (Dickie and Deol 1966) and the present data demonstrate normal VsEP parameters suggesting normal utricular and saccular function. Cerebellar deficient folia homozygotes (cdf/cdf) also demonstrated normal gravity receptor function.
The functional deficit can also take many forms. For example, not all of the functional deficits are exclusively a loss of sensitivity (i.e., elevated thresholds). The demyelinating mutants (qk/qk, shi/shi) do not demonstrate elevated thresholds (until old age) but show dramatic prolongation of VsEP response peak latencies. Qk and shi demonstrate prolongation of all peak latencies since this deficit results in abnormal myelin in peripheral and central neurons, although central myelin abnormalities are more severe than peripheral abnormalities (Sidman et al. 1964; Chernoff 1981) .
Two strains with cerebellar defects (ho 4J and lc) have mutations in the gene encoding ionotropic glutamate receptor delta 2, which is thought to be expressed exclusively in the cerebellum (Zuo et al. 1997) . These two strains also demonstrated mildly elevated thresholds suggestive of a peripheral deficit; however, the threshold for ho 4J was identical to the DBA/2J background strain suggesting that the elevated thresholds for ho 4J are due to the genetic background and not to the ho 4J mutation. In fact, DBA/2J is known to be homozygous for mutations in Cdh23
ahl . The present study shows that null mutations in Cdh23 lead to profound deficits (v 2J , Table 2 ). Cdh23 has been reported to be a component of tip links in sensory hair cells Sollner et al., 2004) ; however, more recent reports suggest that Cdh23 is associated with transient lateral links in the developing hair bundles of cochlear sensory cells (Michel et al. 2005; Lagziel et al. 2005) . Interestingly, +/lc is maintained on a C57 Â CBA background, and both of these strains (C57BL/6J and CBA/CaJ) have normal VsEPs up to at least 190 days old. At present, there is no reason to suspect that the F1 hybrids would be responsible for the elevated threshold seen +/lc. Although the cerebellum plays an important role in vestibular function, further study is necessary to understand why a Grid2 mutation in the +/lc strain may express a peripheral deficit.
Although the present results provide data for vestibular function among mutant mouse strains, a number of questions remain for further study. First, what might more detailed analysis reveal for those strains identified with deficits? Screening results do not characterize a deficit completely; rather they often call for further testing. So for those strains identified with measurable deficits, what is the exact nature of the deficit? What are the onset, time course, and progression of the dysfunction? Second, how might gravity receptor neural function change with senescence? The present results show function at a given point in the life span. Whereas some strains showed normal function at the ages screened, would function remain normal into advanced age? These questions are being investigated in terms of agerelated hearing loss, and indeed, several mouse strains carry genes that have been shown to contribute to or modify aging of hearing function (Johnson et al. 1997 Johnson and Zheng 2002) . We are currently evaluating similar questions for vestibular function and further are making a comparison between the two inner ear sensory systems in terms of functional senescence.
In summary, the present results provide information about gravity receptor function for a variety of mutant mouse strains. The results also provide a unique perspective that behavioral tests may not reveal. VsEP measures are slower and more time consuming than behavioral screenings; however, they provide additional information that can broaden the context of behavioral findings and extend our understanding of vestibular dysfunction in relation to genetic mutations. They also provide information that often cannot be gleaned from behavior alone.
